Cells can store memories of prior experiences to modulate their responses to subsequent 23 stresses, as seen for the protein kinase A (PKA)-mediated general stress response in yeast, which is 24 required for resistance against future stressful conditions. Using microfluidics and time-lapse 25 microscopy, we quantitatively analyzed how cellular memory of stress adaptation is encoded in single 26 yeast cells. We found that cellular memory is biphasic. Short-lived memory was mediated by trehalose 27 synthase and trehalose metabolism. Long-lived memory was mediated by PKA-regulated stress-28 responsive transcription factors and cytoplasmic messenger ribonucleoprotein (mRNP) granules.
Introduction
To further evaluate the effect of input amplitude on cellular memory, we treated cells with a 
161
Taken together, these results demonstrated that the short-and long-lived components of 162 cellular memory could be dissected by modulating the amplitude and duration of priming inputs and 163 might be mediated by different molecular processes. Short-lived memory might be mediated through 164 a fast translation-independent process, whereas an input duration-dependent slow gene expression 165 process mediates the long-lasting memory, which could be further stabilized by another input 166 amplitude-dependent mechanism. The three types of priming inputs used here are referred to as:
167
"high-amplitude prolonged" (3 µM 1-NM-PP1, 45 min); "high-amplitude transient" (3 µM, 15 min); 168 and "low-amplitude prolonged" (0.75 µM, 45 min).
170

Short-lived memory is mediated by trehalose synthesis and metabolism 171
To determine the molecular process that mediates short-lived memory, we systematically 172 deleted 5 known or putative PKA phosphorylation targets (Gph1, Ctt1, Nth1, Gcy1, and Tps1) abolished short-lived memory (Fig. 3A) . Trehalose is a simple carbohydrate produced in many organisms that acts as membrane protectant and protein stabilizer to enhance cell survival under 178 stressful conditions (Hounsa et al., 1998) . Note that the tps1∆ hxk2∆ strain was used because tps1∆ is 179 unable to grow on glucose, but this growth is restored in a tps1∆ hxk2∆ double mutant (Hohmann et 180 al., 1993) . The deletion of HXK2 alone does not affect the memory effect (Fig. 3A) . We further 181 confirmed that the intracellular trehalose level is rapidly increased in response to the PKA inhibition 182 input and that this increase is lost when Tps1 is deleted (Fig. 3B ). Since trehalose has been shown to 183 play an important role in cellular protection against osmotic stress (Hounsa et al., 1998) , the increased 184 level of trehalose by the priming input could temporarily enhance the acquired resistance to the 185 subsequent osmotic stress, accounting for the observed short-lived memory.
186
To validate the central role of trehalose in short-lived memory, we manipulated its degradation.
187
Nth1 is a trehalose degradation enzyme, the activity of which is also regulated by PKA-dependent 188 phosphorylation (Schepers et al., 2012; Souza et al., 2002) . We observed that, whereas short-term 189 memory was abolished in the absence of Tps1, it became prolonged when NTH1 is deleted ( Fig. S3,   190 compare the blue versus grey blue curves), suggesting that the activation of Nth1 accounts for the 191 fast decay rate of the trehalose level. In other words, the duration of short-lived memory is encoded 192 by the activity of Nth1.
193
To test whether Tps1 and trehalose also contribute to long-lived memory, we examined the 194 memory dynamics in response to the high-amplitude prolonged input (3 µM 1-NM-PP1, 45 min). We indicating that trehalose synthesis and metabolism contribute exclusively to short-lived memory. In 198 summary, these results showed that short-lived memory is mediated by PKA-dependent regulation 199 of Tps1 and Nth1, which control trehalose synthesis and metabolism ( Fig. 3D ).
201
Long-lived memory is mediated by stress-activated TFs and mRNP granules 202
We next investigated the processes underlying long-lived memory, which is gene expression-203 dependent, as suggested above in Fig. 2F . To determine the TFs that induce this response, we 204 systematically deleted 6 PKA-regulated stress-responsive TFs (Gis1, Sko1, Hot1, Yap1, and Msn2/4) 
207
We found that, whereas the deletion of Msn2/4 completely abolished long-lived memory in response 208 to the 45 minutes, 0.75 µM 1-NM-PP1 priming input ( Fig. S4A ), the mutant showed only a partial 209 loss of memory in response to the 3 µM 1-NM-PP1 priming input ( Fig. S4B ), suggesting that another 210 TF might play a compensatory role under this condition. As the deletion of Yap1 also dramatically 211 diminished long-lived memory in response to the 0.75 µM 1-NM-PP1 priming input ( Fig. S4A ), we 212 generated the msn2∆ msn4∆ yap1∆ triple mutant and observed a complete loss of long-lived memory 213 in the triple mutant ( Fig. S4B ). These results identified Msn2/4 and Yap1 as primary TFs that mediate 214 the transcriptional response generating long-lasting memory. Moreover, we observed that the short-215 and long-lived memories are both abolished in the triple mutant ( Fig. 4A and B ). This loss of short-216 lived memory in the triple mutant is consistent with previous studies (Hansen and O'Shea, 2013; 217 Norbeck and Blomberg, 2000) , which showed that the expression of TPS1, required for short-lived 218 memory, is completely dependent on the TFs deleted in the triple mutant.
219
We then investigated the mechanism that stabilizes long-lived memory, underlying the plateau 220 phase of memory that is maintained up to 90 minutes after the removal of priming inputs ( Fig. 1F ).
221
Previous studies have revealed that, in response to stress or PKA inhibition, cells accumulate a 222 number of stress-responsive gene mRNAs in cytoplasmic mRNP granules, called processing-bodies 223 (PBs) and stress granules (SGs), which regulate mRNA translation, decay, and storage ( ). This localization pattern coincided with poor protein production from these mRNAs during 251 stress, suggesting that these stress-induced mRNAs are translationally silenced and stored in mRNP 252 granules to confer long-lasting cellular memory.
253
Taken together, these findings uncovered that two processes, gene transcription and mRNA 254 storage by mRNP granules, operate together to generate long-lived memory (Fig. 4F ).
256
Computational modeling suggested the network-mediated encoding of memory 257 dynamics 258 From the experimental analysis described above, we delineated the regulatory processes that 259 mediate cellular memory. To quantitatively understand the dynamic encoding of memory, we 260 constructed a computational model. In the model, the network is composed of two memory-encoding 261 motifs, one for short-lived memory and the other for long-lived memory (Fig. 4F ). The short-lived Fig. 2E ).
280
The high-amplitude prolonged input ( 
297
When the TFs Msn2/4 and Yap1 are deleted, the priming input can no longer induce the expression 298 of stress resistance genes, resulting in a loss of long-lived memory. Meanwhile, the absence of these 299 TFs leads to the loss of Tps1 expression that is required for the short-lived memory ( 
308
Model prediction and experimental validation 309
To further test our model, we used it to predict the memory dynamics in response to a 310 combined pattern of priming input. Neither low-amplitude prolonged input nor high-amplitude 311 transient input can induce the plateau phase of memory ( Fig. 2B and E ), yet our model predicted that 312 these two inputs, when applied sequentially ( Fig. 6A ), should be capable of generating a memory 313 plateau phase that is Pat1 dependent ( Fig. 6B , "Prediction"). In this scenario, the low-amplitude 314 prolonged input would first produce a high level of mRNAs, and then the subsequent high-amplitude 315 transient input would induce mRNP granules to store newly synthesized mRNAs, enabling the plateau 316 phase. This prediction is intriguing because it illustrates that the memory effect to the combined input 317 is not simply the sum of the effects to the two single inputs ( Fig. 6B , "Prediction", compare the purple 318 versus light pink curves) and this is attributed to the mRNP-dependent storage mechanism. Therefore, 319 since the memory-encoding processes are largely independent, when the mRNA storage process is 320 removed in the pat1D mutant, the memory effects would become additive ( Fig. 6C , "Prediction"). We experimentally tested these predictions, and, in agreement with the model, we observed a plateau 322 phase of memory in response to the combined input ( Fig. 6B , "Experiment"). Moreover, in the 323 absence of Pat1, the plateau phase was abolished and the memory dynamics largely resembled the 324 sum of memory effects to the two single inputs ( Fig. 6C , "Experiment"), consistent with the model 325 prediction.
326
These results validated our model and demonstrated its predictive power. Given that the provide independent strong evidence that the PKA-regulated mRNP granules contribute to a long-353 lasting memory of previous environmental challenges and facilitate the adaptation to future stresses.
354
Further analyses will systematically determine the identities of these stored mRNAs that mediate the 355 memory effect, the detailed mechanisms that direct these mRNAs to mRNP granules, and the 356 prevalence of this mRNP-dependent memory effect in regulating other cellular responses, such as the 357 hormetic effect on aging (Mattson, 2008) .
358
In addition, through our modeling analysis, we obtained a quantitative understanding about 359 the dynamics of cellular memory and the regulatory network that controls these dynamics, both of of the model. We anticipate that a quantitative and predictive understanding of memory control 381 represents opportunities for broader and more effective use of priming treatments as a low-cost non-382 genetic approach for stress management in agriculture, biotechnology, and clinical intervention.
383
Finally, we want to highlight the biological relevance of our findings. We revealed that, because 384 the molecular processes governing the two memory components have distinct kinetic properties, 385 short-and long-lived memories could be selectively induced by different dynamics of priming inputs.
386
Whereas a high amplitude transient input induces fast decaying memory that enables short-term stress 387 resistance, a prolonged input elicits long-lasting memory conferring long-term stress resistance. This network enables cells to process the information of a previous stress encounter and determine how 393 long they need to keep the memory about it. We speculate that this type of regulation may represent 394 a strategy for cells to optimize resource allocation for future challenge preparation and may be widely 395 applicable to organisms living in rapidly changing environments. Furthermore, given that this 396 regulation is readily tunable, cells would be able to evolve their memory dynamics through natural 397 selection to match the environmental fluctuations in their habitats. 
Strain Construction
414
Standard methods for the growth, maintenance, and transformation of yeast and bacteria and for 415 manipulation of DNA were used throughout. All Saccharomyces cerevisiae strains used in this study are 416 derived from the W303 background (MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 GAL+ 417 psi+ ADE+). The strains used in this study are listed in Table 1 . 
438
For the priming experiments, cells were inoculated from a YPD plate into 2 ml SC liquid media two 439 days before the experiment. On the second day, saturated cells were diluted by 1:20,000 into fresh SC 440 media and grown overnight to reach OD = 0.6. These exponentially growing cells were diluted by 1:2 441 and grown for another 2 hours before being loaded into the microfluidic devices. 
456
Trehalose assay was converted into gluconate-6-phosphate, generating NADPH in a two-step reaction; the NADPH 459 concentration can be determined by measuring the absorbance at 340 nm. To determine trehalose 460 concentrations, 13 mL of yeast culture at OD≈0.5 was harvested and put on ice for 5 minutes before 461 centrifuged for 5 min at 4 °C. Cells were then washed with 0.1 M phosphate buffer (pH 5.9) to remove 462 glucose in media. After the wash, cells were resuspended in 1 ml 0.25 M Na2CO3 solution and OD 463 was measured. Additional Na2CO3 solution was added to make the cell densities (OD) the same for 464 0 and 20 min samples. Samples (~1 mL) were boiled for 20 min to release intracellular trehalose.
465
After cooling, the samples were centrifuged at 12 000 g for 3 min to remove cell debris. Two aliquots 466 (300 µl) of supernatant were transferred to two new tubes with one tube for total glucose level and 467 the other one for pre-existing glucose level. The following regents were then added to the cell lysates mixtures were incubated at room temperature for 5 min for the reactions. Absorbance at 340 nm was 473 recorded to determine the trehalose concentration in solution first. To estimate the intracellular 474 concentration, we assumed that cell density at OD=1 is 1x10 7 cells/ml and yeast cell volume is 42 fl.
475
Pre-existing glucose was determined in a control reaction without added trehalase.
477
Live-cell mRNA visualization 478
The MS2-CP strains for mRNA visualization were constructed as described previously (Zid and promoter was integrated into the same strain at TRP1 locus (NH0857).
488
To perform live-cell mRNA visualization, cells were cultured to OD 0.6 and then loaded into 489 microfluidic devices for time-lapse microscopy. For each position, phase contrast, mCherry, GFP and 490 iRFP images were taken sequentially every two minutes. When the image acquisition started, cells 491 were maintained in SD media for the first five minutes to obtain a baseline for each fluorescence 492 channel prior to the introduction of 3 μM 1-NM-PP1 treatment.
494
The exposure and intensity settings for each channel were set as follows: GFP 200 ms at 9% lamp 495 intensity, mCherry 1s at 10% lamp intensity, and iRFP 300 ms at 15% lamp intensity. resuming their translation and degradation. Because gene transcription is a multi-step process, we 518 assume that it is a relatively slow process; in contrast, because PKA regulates mRNP granules through 519 phosphorylation, we assume that it is a relatively fast process. It should be noted that the level of 520 Tps1 is also dependent on PKA-regulated gene expression, resulting in a connection between the 521 trehalose metabolism pathway and the gene expression process. Based on the experimental 522 observations, these three processes have different dependence on input amplitude and duration.
523
Trehalose metabolism and mRNP granules can only be activated in response to high-amplitude 524 inputs; by contrast, mRNA transcription can be induced by low-amplitude input but a prolonged 525 duration is needed.
526
Computational modeling and all the simulations were done using the MATLAB. The model contains 527 13 variables and 27 independent parameters. The function "lsqnonlin" was used for data fitting. The 528 data of three dynamic inputs and three mutants (tps1D, pat1D, msn2/4D yap1D) were used for data 529 fitting ( Fig. S5) . To highlight the role of mRNP granules, time points for long-lived memory plateau 530 ( Fig. 1F) were weighted by 20-fold for data fitting. Fitting starting with completely random guesses 531 failed. Therefore, we first manually chose parameter values that can qualitatively capture the data and 532 then used these manually-chosen parameters as the initial guesses for computational fitting. In order 533 to overcome the local minimum, we also tested 10 random sets of initial guesses which are randomly 534 chosen within 8 fold (1/8 to 8) of our first set of guesses and compared the squared norm of the 535 residuals of the final fitting results and then selected the best-fit set of parameter values.
537
The initial conditions are provided in Table S1 . Reactions and rate constants are provided in Table   538 S2.
540 541
Model Equations: leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11 ,15  GAL+ psi+ ADE+, TPK1-M164G, TPK2-M147G, TPK3-M165G,  NHP6a-iRFP-kanMX, MSN2-mCherry-TRP1, HOG1-YFP-HIS3 this study NH0441 W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11 ,15 GAL+ psi+ ADE+, TPK1-M164G, TPK2-M147G, TPK3-M165G, NHP6a-iRFP-kanMX, MSN2-mCherry-TRP1, HOG1-YFP-HIS3, gph1::cgURA3 this study NH0562 W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11 ,15 GAL+ psi+ ADE+, TPK1-M164G, TPK2-M147G, TPK3-M165G, NHP6a-iRFP-kanMX, MSN2-mCherry-TRP1, HOG1-YFP-HIS3, gis1::cgURA3 this study NH0630 W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 GAL+ psi+ ADE+, TPK1-M164G, TPK2-M147G, TPK3-M165G, NHP6a-iRFP-kanMX, MSN2-mCherry-TRP1, HOG1-YFP-HIS3, sko1::cgURA3 this study NH0631 W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11 ,15 GAL+ psi+ ADE+, TPK1-M164G, TPK2-M147G, TPK3-M165G, NHP6a-iRFP-kanMX, MSN2-mCherry-TRP1, HOG1-YFP-HIS, hot1:cgURA3 this study NH0633 W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 GAL+ psi+ ADE+, TPK1-M164G, TPK2-M147G, TPK3-M165G, NHP6a-iRFP-kanMX, HOG1-mCitrine(V163A)-HIS, msn4::cgTRP1, msn2::natMX, yap1::cgURA3 this study NH0641 W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 GAL+ psi+ ADE+, TPK1-M164G, TPK2-M147G, TPK3-M165G, NHP6a-iRFP-kanMX, MSN2-mCherry-TRP1, HOG1-YFP-HIS3, msn4::cgTRP1, msn2::natMX this study NH0442 W303 MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11 
